We have exemined the regionalization and coordination of rhythm-generating networks in the isolated spinal cord of the chick embryo between embryonic days 9 and 13, by recording the pattern of rhythmic activity recorded from muscle nerves and ventral roots following a variety of lesions. We found that the capacity for rhythmic activity is distributed along the rostrocaudal axis of the cord but can be expressed in a single, isolated segment. Specializations within the lumbosacral cord were investigated by isolating particular regions and recording their motor output. The rostral part of the lumbosacral cord generates more cycles than the caudal part, and this difference becomes more pronounced with development.
In the unlesioned cord, motoneuron activity is synchronized along the rostrocaudal axis. Lesion experiments revealed that the synchronization of motoneuron activity and the synaptic drive to caudal motoneurons is mediated in part by propriospinal pathways traveling in the ventrolateral white matter tracts and by synaptic interactions within the gray matter. The dorsal fiber tracts may also be involved but their effects appear to be weak.
Lesions in dorsal-ventral and mediolateral planes were used to localize regions critical for rhythmogenesis and for the alternation of flexor and extensor motoneurons. Rhythmic activity with alternation persisted in spinal cords in which the dorsal and medial half had been removed. Severe medial or dorsal lesions, resulting in a thin strip of lateral or ventral gray matter, altered the phasing of motoneuron activity from alternating to synchronous without effects on cycle timing. These results suggest that the critical neural components for alternation are located close to and dorsomedial to the lateral motor column, and that the capacity for rhythmogenesis is distributed widely throughout the ventral gray matter and is not localized to specific nuclei. [Key words: central pattern generator, development, spinal networks, intersegmental coordination, motor activity, spinal regionalization] Spontaneous neural activity plays an important role in neural development and can influence gene expression, the formation of connections, and neuronal differentiation (Pittman and Oppenheim, 1978; Srihari and Vrbova, 1978; McLennan, 1983; Mattson, 1988; Agoston et al., 199 1; Mattson and Hauser, 199 1; Meier et al., 1991) . In the embryonic chick, rhythmic motor activity emerges early in development and is generated centrally within the spinal cord (Hamburger and Balaban, 1963; Hamburger et al., 1966; Hamburger, 1973; Bekoff et al., 1975; Oppenheim, 1975; Provine and Rogers, 1977; Comer et al., 1979; Landmesser and O'Donovan, 1984; O'Donovan, 1989a ). This activity is synchronized along the rostrocaudal axis of the cord both in ovo and in isolated, perfused preparations of the spinal cord (Provine, 1971; Ripley and Provine, 1972; Landmesser and O'Donovan, 1984; O'Donovan and Landmesser, 1987) . At present, the neural mechanisms responsible for the genesis of rhythmic activity and its synchronization along the cord are unknown.
Intracellular and whole-cell patch-clamp recordings from motoneurons have suggested that rhythmic motoneuron activity is produced by a network of premotor intemeurons (O'Donovan, 1989a; Semagor and O'Donovan, 199 1; O'Donovan et al., 1992) , but the precise location and composition of these networks are unknown. A critical first stage in understanding the organization of these networks requires their localization and the identification of their constituent interneurons. Previous studies of motor activity in ovo suggest that some components of these networks may be located in the ventral part of the spinal cord. This conclusion is based on the observations that spontaneous neural activity is most prominent in ventral neurons Provine, 197 1) and embryonic movements persist in spinal cords that have had the dorsal part removed early in development (Hamburger et al., 1966) . It is not known, however, if such lesions disrupt the normal timing or phasing of motoneuron activity, because electromyographic recordings were not performed on the dorsally lesioned animals.
In this article we have investigated the location of rhythmgenerating networks and their synchronization along the spinal cord by documenting the effect of selective lesions on the pattern of motor output recorded from muscle nerves and ventral roots. We were particularly interested in establishing if rhythm generation in the chick cord is localized to a particular region or nuclear group within the lumbosacral cord. In some vertebrates there is evidence for specialization of the rhythm-generating circuitry within the hindlimb enlargement of the spinal cord. In both the cat (Deliagina et al., 1983; Arshavsky et al., 1984; Gelfand et al., 1988) and the turtle (Mot-tin and Stein, 1989) the anterior segments of the enlargement have a greater capacity for generating rhythmic scratching than the posterior segments. Our results show that the anterior segments of the lumbosacral cord of the embryonic chick are more capable than caudal segments of generating the rhythmic motor activity and that rhyth-SART FEM SART (FLEXOR) FEM ( EXlENSOR) mogenic networks appear to be localized to the ventral part of the cord. In addition, we have found that the rostrocaudal synchronization of motoneuron activity is mediated, in part, by a propriospinal fiber system running in the ventrolateral white matter. The results also suggest that the neural mechanisms responsible for alternation of flexors and extensors are localized to a circumscribed region, dorsomedial to the lateral motor column (LMC).
Some of this work has appeared in abstract form O'Donovan, 1990, 1991) and has been discussed briefly in a review @ 'Donovan et al., 1992) .
Materials and Methods
All experiments were performed on the isolated spinal cord of White Leghorn chicken embryos between embryonic day 9 (E9) and E13. The embryo was removed from the egg, decapitated, and eviscerated in an organ bath superfused with Tyrode's solution cooled to about 10°C. The solution was oxygenated with 95% O,, 5OYo CO, and pH maintained at 7.3. A dorsal laminectomy was then performed to expose the spinal cord and to free muscle nerves or ventral roots for recording (Fig. 1A) . The bath temperature was raised and maintained at 28°C for the rest of the experiment. Spontaneous motor activity could be recorded 3-5 hr after elevating the bath temperature (Landmesser and O'Donovan, 1984) . Episodes-of motor activity were also triggered by single-pulse stimuli ( 10-30 uA. 0.5 msec) applied to the dorsal surface of the thoracic cord. When isolated sections ofthe cord were stimulated, the electrode was placed on one end of the section. We found no dependence of the evoked rhythmic behavior on the placement ofthe stimulating electrode.
Neurograms were recorded using a tight-fitting polyethylene suction electrode connected to a high-gain DC amplifier (Grass P16). A wide bandwidth (DC to 10 kHz) was used to record slow electrotonic potentials, which reflect the depolarization of individual motoneurons . a, duration of extensor activity; b, cycle duration; cl and c2, duration of the synchronous and second burst of flexor activity, respectively. The end of the c2 period was defined as the time the integrated activity returned to the baseline, disregarding isolated spikes that may sometimes appear. Measurements of cl were only made when the SART cycles occurred in isolation from each other. The inhibitory period in the SART discharge is ~3.
@'Donovan, 1989a), and propagated spike activity. Signals were digitized (Neuro-corder DR-886, Neuro Data Instruments) and recorded on videotape for further analysis. Sometimes neural activity was integrated with a discrete time window set at 5 msec. Cycle duration and phase relationships were measured from the integrated spike records using the EGAA software (RC Electronics) and other programs developed in-house. Figure 1B illustrates the definitions of measurements used in this study. Segments of the cord were isolated using a vibrating tungsten needle. The needle was mounted on a micromanipulator and could be adjusted to cut through any plane of the cord. Vibration frequency was set at 40-60 Hz, and the maximum excursion of the tip was about 3 mm. Lesions were made in the recording chamber so that motor activity could be monitored before and after the lesion. At the end of the experiment the lesioned cords were fixed, cryostat sectioned, and stained with cresyl violet to determine the extent of the lesions. Lesions in the sagittal or horizontal planes were made on isolated cord sections (generally T7-LS3) and were quantified by measuring the vertical height or horizontal width of the remaining gray matter and expressing this as a fraction of the (unlesioned) contralateral measurements. To assess the uniformity of the lesion along the length of the cord, the vertical height or horizontal width of the remaining gray matter was estimated at three successive positions (separated by 200-250 pm) centered near the middle of the isolated section. The maximum variability of the measurement between the three positions averaged 9.26% + 1.5% (mean * SEM, n = 13) of the measurement of the contralateral gray matter.
In three experiments we used a cobalt gel around the cord to block synaptic transmission locally. This procedure was necessary because the small size of the lumbosacral cord precluded the use of a split bath (Russell and Wallen, 1980; Rovainen, 1985) . The gel contained 10 mM CoCl, in 15% gelatin warmed to about 40°C. It was then applied to the cord after a Vaseline barrier was built to limit the spread of the gel. The blockade of neurotransmission normally took place within 5 min as evidenced by the disappearance of rhythmic discharge recorded from motoneurons under the gel. Evoked rhythmic motor activity recorded from the isolated lumbar spinal cord. A, An episode of alternating activity recorded from SARTand FEA4 muscle nerves after a single stimulus was applied to the rostra1 cord. The neurograms were high-pass filtered with a cutoff frequency at 100 Hz. The asterisks indicate the synchronous discharge in both muscle nerves. B and C show other patterns of activity that were recorded from more mature preparations (El l-E13). The recordings were made with a wide bandwidth and show discharge superimposed on slow electiotonic potentials. The El3 preparation illustrated in B exhibited two bursts of activity per cycle of depolarization (arrows) following the initial synchronous discharge (asterisks). C and D, recorded from an E 12 embryo, show brief, high-frequency (8-10 Hz) synchronous bursts from both flexor and extensor nerves at the beginning of an episode. Calibration: A-C, 5 set; D, 250 msec. 
Results
Normal pattern of motor activity We have described previously the major features of rhythmic activity produced by the isolated spinal cord and recorded from the ventral roots or muscles nerves (Landmesser and O'Donovan, 1984; O'Donovan and Landmesser, 1987; O'Donovan, 1989a) . In such activity a synchronous discharge occurs in both the hip flexor sartorius (SART) and the knee extensor femorotibialis (FEM) nerves at the beginning of each cycle ( Fig. 1B ; asterisks in Fig. 2 .4) followed by a silent period in the SART while the FEM continues to fire. The SART discharges again toward the end of the cycle when the FEM activity is diminishing. This alternating pattern becomes more distinguishable toward the later part of an episode. We also found other forms of motor output particularly in older animals (E12-E14; see Fig. 2B ,C). One type of activity consisted of double bursts (arrows in Fig. 2B ) in both FEM and SART following the synchronous discharge (asterisks in Fig.  2B ). Another type of activity consisted of brief, high-frequency (8-l 0 Hz) bursts superimposed on the ongoing activity that were synchronized in SART and FEM motoneurons (Fig. 2C,D) . This type of activity was seen in 29% of all El l-El 3 preparations used in this study. The brief, synchronized discharges could occur during the silent period of the SART, indicating that they can overcome the potent synaptic inhibition that is known to be present at this time (O'Donovan, 1989a; Semagor and O'Donovan, 199 1) . The origin of these discharges is unknown.
Their presence may indicate an altered mode of oscillation of the spinal central pattern generator. Alternatively, they could be derived from synchronized activity in a set of presynaptic inputs that project to both FEM and SART motoneurons. One candidate for such inputs might be the axons of the ventrolateral white matter, which can produce a powerful synchronized excitation of SART and FEM motoneurons (Ho and O'Donovan, 1991) .
Coordination of motor activity along the cord Each cycle of rhythmic motoneuron activity is known to be synchronized with activity in other lumbosacral segments (Fig. 3A; Landmesser and O'Donovan, 1984; O'Donovan and Landmesser, 1987) . In the present work we have found that lumbosacral motoneurons are activated synchronously with thoracic motoneurons, indicating that the rhythmic motor output is not restricted to the limb-moving lumbosacral or brachial motoneurons at E9-El1 (Fig. 3B) . In cords comprising thoracic and lumbar segments, the activity of lumbar and thoracic segments was well synchronized although discharge in thoracic motoneurons followed that of lumbosacral motoneurons. To illustrate this, we have compared the timing of lumbosacral and thoracic discharge at the beginning of each cycle using either the SART inhibition, which was well defined and abrupt (beginning of period c3 in Fig. 1 B) or the onset of FEM discharge (beginning of period b in Fig. 1 B) as reference points (Fig. 3C) . The onset of LS7 discharge preceded the onset of SART inhibition by 53 Figure 3 . Motor activity is synchronized at different segmental levels. A, Motor activity recorded from the SART and LS7 of an E 10 preparation during an evoked episode. Tightly synchronized activity occurs in these motor pools, which are several segments apart. B, Rhythmic motor activity recorded from a preparation including the thoracic and lumbosacral segments (T2-LS9) of an E9 cord. Motor activity of the T3 was synchronized with lumbosacral discharges. C, Discharge latency of LS7 and T3 referenced to the SART (beginning of the SART inhibitory period, which was abrupt and well defined; start of c3 in Fig. 1B) f 38 msec (mean + SEM), whereas T3 discharge preceded the onset of SART inhibition by 14 & 18 msec (n = 109, three preparations). Thus, the firing of caudal motoneurons (in LS7) occurs approximately 39 msec before the firing of T3 motoneurons. A similar finding was obtained in four other preparations using the onset of FEM discharge as the reference point. In this case the mean onset time of LS7 discharge was 20 f 30 msec (mean f SEM) before the FEM burst, while T3 motoneurons fired 29 + 12 msec after the FEM (n = 93, four preparations). These differences in latency are small compared to the duration of bursts (l-2 set; see Fig. 12A ) and reveal the near synchrony in the activation of motoneurons at different segmental levels.
Mechanisms underlying the coordination of activity between rostra1 and caudal segments of the lumbosacral spinal cord The location of pathways involved in the synchronization of motor activity between the rostra1 and caudal lumbosacral segments was investigated in four preparations by selective lesions. We first established that the lateral part of the cord was sufficient to coordinate activity between rostra1 and caudal segments. Figure 4 illustrates an experiment in which the isolated LS6-LS7 segments were left connected to the rostra1 cord through a lateral strip of the cord extending from LS4-LS5. Under these conditions rhythmic activity persisted in the caudal segments with the same phase relations as before the lesion. In addition, the number of cycles generated per episode was unchanged after the lesion (6.7 f 1.5 vs 7.6 -t 2.0 cycles, mean f SEM, before and after the lesion, respectively; three preparations).
This observation suggested that the coordination of rostra1 and caudal activity was mediated by axons traveling in the ventrolateral white matter tracts (VLT). To establish if these tracts were necessary for such coordination, they were transected. Following such lesions (n = 3) the amplitude and duration of each cycle of activity produced by the caudal segments were reduced (compare iLS7 in Fig. SA,B ) and the firing of caudal motoneurons was significantly delayed in each cycle. In controls, the ipsilateral LS7 (iLS7) and contralateral LS7 (cLS7) motoneurons fire synchronously in each cycle (Fig. 5A ). The onset of ipsilateral discharge referenced to the contralateral side was -2.0 f 4.9 msec (mean f SE, n = 56 cycles, three preparations). Following ipsilateral VLT lesions between LS4 and (Fig. 5E ), the LS7 activity on the lesioned side was delayed by 189 + 8.2 msec (n = 93 cycles, three preparations) with respect to the unlesioned contralateral side (see Fig. 5F ). The delay could result from an alteration in the coupling between rostra1 and caudal segments, or it could simply be due to the reduced synaptic drive experienced by caudal motoneurons after the tract lesion.
Following the lesion, the iLS7 ventral root potentials were reduced in amplitude and had an altered shape. In the unlesioned cord the potentials tended to plateau in each cycle, whereas in the lesioned animals they decayed rapidly after an initial peak. These residual potentials could have originated from synaptic activation through the remaining gray matter or from transmission through the uncut, dorsal pathways. In three experiments we investigated this more directly by blocking synaptic transmission between the rostra1 and caudal segments with a cobalt gel applied over the lesion site ( Fig. 5D ; also see Materials and Methods). This procedure resulted in abolition of caudal motor discharge and a further reduction in the amplitude of synaptic potentials recorded from the LS7 ventral root on the lesioned but not on the unlesioned side. These results suggest that residual activity in caudal motoneurons following a VLT lesion is largely mediated through the gray matter. The small motoneuron potentials remaining after the lesion and the Coz+ gel may be due to weak coupling in the uncut, dorsal white matter tracts.
The minimal effect of the Co?+ gel on the contralateral LS7 motoneurons (Fig. 5C ) allows us to draw two conclusions. First, that axonal fiber tracts traveling through the gel are adequate to maintain the coordinated activity of rostra1 and caudal motoneurons in the absence of synaptic transmission in the interveninggray matter. This result confirmed the lesion experiments (Fig. 4) showing that coordinated rostra1 and caudal activity was preserved providing that the lateral tract axons were left intact. Second, we can conclude that the CoZ+ is acting locally, within or near the gel, so the depression of the LS7 activity on the lesioned side is not due to leakage of CoZ+ from the gel.
Collectively, these experiments indicate that the tight synchrony normally exhibited by lumbosacral motoneurons is mediated primarily by axons traveling in the lateral and ventral white matter tracts and that the synaptic drive to caudal motoneurons depends on these tracts and on synaptic pathways through the gray matter.
Regionalization of rhythm-generating networks within the rostrocaudal axis of the lumbosacral cord
In the previous section we showed that caudal activity remains synchronized to rostra1 activity provided the lateral tracts are intact and that discharge of caudal motoneurons is abolished and caudal root potentials are greatly depressed when the ventral and lateral tracts are sectioned and synaptic transmission is blocked in the remaining gray matter. These findings raise the possibility that the caudal activity depends in some way on activity originating rostrally and, furthermore, that the rostra1 lumbosacral segments might be more capable (than the caudal segments) of generating rhythmic activity. We investigated this idea by separating the cord into pieces of varying length and determining the ability of each piece to generate rhythmic activity. We found that all such pieces (typically four to five seg- Figure 5 . The effects ofa ventrolateral tract lesion on the coordination of motor activity at different segmental levels. A, Neurograms recorded from the FEM, contralateral LS7 (cLS7), and ipsilateral LS7 (LLS7) segmental nerve of an El 1 preparation consisting of segments T6-LS9. The cord was hemisected caudal to LSl so that motor pools in LS7 could be driven by activity in the ipsilateral rostra1 segments, but not by contralateral activity. B, iLS7 ventral root potentials were reduced and discharge was delayed after cutting the ipsilateral ventrolateral tracts between LS4 and LS6. C, A cobalt gel (10 mM CoC1, in 15% gelatin) was added over the lesion site and the corresponding contralateral cord to block synaptic transmission in the remaining gray matter. This further reduced the activity of iLS7 during evoked rhythmic activity. D, Schematic illustration showing the preparation, the arrangement of recording electrodes and the location of the Co*+ gel. E, Camera lucida drawing of the cord section at the level of the ipsilateral ventrolateral tract lesion (labeled E in D). The shading indicates the extent of the lesion. F, Histogram showing the change in discharge latency of the ipsilateral LS7, referenced to the contralateral LS7, in control and lateral tract-lesioned preparations (n = 3). The mean discharge latency was significantly delayed after the lesion (p < 0.00 1).
ments long) including thoracic (T2-T6; n = 3) rostra1 lumbosacral (T7-LS3; n = 5) and caudal lumbosacral (LS4-LS9; n = 5) could produce rhythmic activity (Fig. 6 ). This observation confirms earlier studies showing that cord pieces isolated in ovo by cervical or thoracic lesions can produce rhythmic motor output (Hamburger and Balaban, 1963; Oppenheim, 1975) and similar studies in the lamprey (Cohen 1987a,b) . We also determined that rhythmic activity could be expressed in a single isolated segment from the rostra1 lumbosacral cord (LSl; n = 3). The isolated LSl segment typically exhibited two or three cycles in response to a single stimulus to its dorsal surface, and this could be increased to four or five cycles in the presence of 10 I.LM NMDA. However, in an isolated segment the phasing of motoneuron activity was abnormal (compare Fig. 6C to Figs. lB, 24. We did not investigate the capacity of other isolated, single segments to sustain the rhythm. Together, these findings indicate that the rhythm-generating circuitry is distributed along the spinal cord and is not restricted to a particular region. In this respect the embryonic chick cord appears to be organized Figure 6 . Rhythmic activity is expressed in isolated cord pieces. A, Rhythmic motor activity recorded from T4 and FEM after isolating the cord into thoracic (T2-T6) and lumbosacral (T7-LS9) pieces. Both parts were capable of generating evoked or spontaneous episodes of activity. In B, the lumbosacral cord was divided into two parts, T7-IS3 and L4-LS9. Recordings were made from FEM muscle nerve and LS7. C, Rhythmic activity can also be recorded from the SART muscle nerve in a single segment (LS 1) of the lumbosacral cord, although the pattern of activity differed from intact preparations (compare SART activity in Figs. 2, 3) . The activity was initiated by a single stimulus to the dorsal surface ofthe segment and the bath Tyrode solution contained 10 PM of NMDA. Calibration: A and B, 10 set; C, 5 sec.
similarly to the lamprey, Xenopus embryo, and turtle spinal cord in which segmental oscillators are coupled along the rostrocaudal axis and are capable of rhythmic activity when isolated in pieces one to two segments long (Cohen and Wallen, 1980; Kahn and Roberts, 1982; Grillner and Wallen, 1984; Martin and Stein, 1989) . Although rhythmic activity persisted in short pieces of the lumbosacral cord, we did find differences between the rostra1 and caudal regions. The number of cycles recorded from the caudal cord (LM-LS9) was only 28% f 9% (mean + SE, five preparations) of that recorded from the rostra1 cord (T7-LS3), even though the caudal part contained more segments (see Fig.  6B ). This difference was examined in more detail by successively ablating either the rostra1 or caudal segments, one at a time, while recording activity from one of the remaining segments. Because of variability in the number of cycles between animals and across developmental stages, the values were normalized to the number of cycles produced by the intact cord before the lesion. When the recording was made from the caudal LS7 ventral root in El l-El 2 embryos, the number of cycles per episode dropped immediately after removal of one or two thoracic segments (Fig. 7B ). The number of cycles then stabilized at approximately 60% of control (prelesion) values until the LS2 segment was removed, whereupon there was a rapid decline to about 30% of control values.
These experiments revealed that the rostra1 segments are capable of generating more cycles than the caudal segments and are consistent with our hypothesis that activity in the caudal segments is dependent upon activity originating rostrally. The result suggests that the rhythm-generating mechanisms differ in the two regions, although an alternative interpretation is that the rostra1 cord is more mature than the caudal cord. This alternative suggestion is plausible because the number of cycles generated by the whole cord progressively increases throughout development @'Donovan and Landmesser, 1987 ) and a rostrocaudal gradient is known to exist for several aspects of cord development (Hollyday and Hamburger, 1977; Williams et al., 1987) . To test this idea, we repeated the experiments in younger embryos (E9-E 10) and found that the lesion-induced decline in the number of cycles recorded from the caudal cord was less marked than in the older animals (squares, Fig. 7B ). These developmental changes were investigated more fully by comparing the number of cycles generated by isolated caudal segments (LS3-LS9) at different stages of development. The data The values were normalized to the number ofcycles produced by the intact cord before the lesion and are expressed as mean f SD, averaged from three embryos at each age. (Fig. 70) show a developmental increase in the dependence of caudal activity on rostra1 activity. At E9, caudal segments produce 80% of the cycles of the intact lumbosacral cord, whereas by El3 they are only capable of generating 20% of the cycles. This result suggests that the rostrocaudal specialization becomes more pronounced during development, making it unlikely that the differing capacity of the rostra1 and caudal lumbosacral cord to generate rhythmic output at El 3 is simply due to immature caudal segments.
It might be argued that the depression of the caudal activity is a consequence of the rostrocaudal progression of the lesions, and is therefore an artifact of the lesioning procedure. To investigate this we reversed the direction of the lesions and made them caudorostrally while recording from a rostra1 root or muscle nerve (Fig. 7C, triangles) . In this case, progressive caudal lesions resulted in an increase in the number of cycles recorded from the rostra1 segments. Removal of the caudal segments from LSS-LS9 resulted in a 40% increase in the number of cycles recorded from the SART muscle nerve (motoneurons predominantly in LS 1). This result indicates that damage is unlikely to account for the reduction in the caudal activity during rostrocaudal lesions. The increased number of cycles following deletion of the caudal segments raises the possibility that these regions normally inhibit or modulate the activity of rostra1 segments.
Localization of rhythm-generating and pattern-generating networks General description of lesions. We performed several expetiments to localize the rhythm-generating circuitry in the dorsoventral and mediolateral planes of the cord. For this purpose we employed lesions in the sagittal (mediolateral) and horizontal (dorsoventral) planes to isolate pieces of the spinal cord. We have considered the results separately depending on the effect of the lesions. First, we discuss moderate lesions that produced minimal effects on the motor output, either on the timing of individual cycles or on the phasing of activity in SART and FEM muscle nerves. Moderate lesions included horizontal (dorsoventral) sections down to, but not beyond, the central canal (n = 4), and sagittal (mediolateral) sections of ~50% of the width of one side of the spinal cord (n = 2). For moderate lesions the average width (or height) of the remaining gray matter (as a fraction ofthe contralateral unlesioned side) was 58.5% (range, 41.8-67.5%; n = 6). In two experiments the horizontal and sag&al lesions were combined to isolate the ventrolateral quadrant of the cord. Second, we consider severe lesions. Severe sagittal (medial, n = 4) lesions removed > 50% of the medial part of the cord up to the medial boundary of the LMC, whereas horizontal (dorsal; n = 3) lesions ablated the dorsal part of the cord to below the level of the central canal. All lesions, moderate and severe, were made over the complete extent of an isolated portion of the rostra1 cord comprising segments T7-LS3. For the severe medial lesions, the average amount of remaining gray matter was 42.0% (range, 35.9-48.9%; n = 4) ofthe contralateral side. The remaining gray matter following severe dorsal lesions averaged 23.1% (range, lO.O-36.3%; iz = 3).
Moderate lesions with minimal effect on normal activity. Earher studies had suggested that the ventral part of the cord might be specialized to generate rhythmic activity (Hamburger et al., 1966; Provine et al., 1970; Provine, 197 1) . To test this idea, we separated the cord into isolated dorsal and ventral strips over several segments. Activity in the ventral portion was monitored from the SART motor nerve, while activity in the dorsal part was established by recording dorsal root potentials. In the intact cord rhythmic potentials can be recorded from the dorsal roots during motor activity (Fig. 8A) , as is the case in other animals (see Baev, 1978; Dubuc et al., 1985) . In the isolated chick cord the potentials are smaller and briefer than the corresponding ventral root potentials and follow an initial large depolarization at the onset of the episode (Fig. 8A) . After dividing the cord into dorsal and ventral halves (n = 4) the phasic dorsal root potentials could no longer be evoked even in the presence of bath-applied NMDA (10 PM; n = 2). By contrast, rhythmic motor activity persisted in the ventral part of the cord (Fig. 88) with normal phasing between FEM and SART motoneurons (not shown). This finding indicates that ventral circuitry alone is sufficient to generate the normal pattern of rhythmic activity (see also Fig. 9 ) and suggests that the dorsal root potentials are generated by synaptically driven activity in dorsally located intemeurons.
In a second set of experiments (n = 2), we examined the dependence of patterned motor activity on neurons located in the medial part of the cord. For this purpose we monitored the pattern of SART and FEM activity following removal of selected portions of the medial cord over several segments (lesions illustrated in Fig. 12 ). We found that deletion of about one-half of the medial cord produced little change in the alternating pattern of activity between these antagonists although more pronounced medial lesions did affect the pattern (see below). These results indicate that motor activity, with normal antagonist phasing, persists with both dorsal and medial ablations and suggests that the ventrolateral part of the cord might contain the necessary elements for the production of patterned rhythmic activity. To test this idea we combined dorsal and medial lesions to isolate a ventrolateral quadrant of the cord over several segments (T7-LS3). The isolated quadrant was completely detached from rostra1 and caudal connections to the remaining cord. Rhythmic activity persisted in such reduced preparations (n = 2), and the alternation of SART and FEM activity was largely unchanged (Fig. 9B) . These findings indicate that the ventrolateral quadrant of the cord contains the essential neuronal elements for the production of patterned motor activity in the isolated chick spinal cord.
Although the phasing and timing of activity were largely unchanged following moderate lesions, we did observe a small Figure   9 . Neuronal elements in the ventrolateral cord are sufficient to generate patterned rhythmic activity. A, Recordings from the SART and FEM nerves of an E9, T7-LS3 cord piece before lesioning. B, Patterned rhythmic activity persists after removing the medial and dorsal parts of the cord over the entire extent of the isolated piece. The alternating pattern between flexor and extensor motoneurons remains, although the number of cycles is decreased. C, Photomicrograph ofa transverse section ofthe isolated ventrolateral quadrant (left) and the remaining part of the cord, including the contralateral side, at a more rostra1 level (right). The drawing illustrates the lesion and position of recording electrodes. Calibration, A and B, 5 sec. Scale bar, C, 400 pm.
(20%) but significant reduction in the number of cycles in each episode (six preparations, p < 0.01). This effect may be a nonspecific consequence of removing neural tissue, because a similar reduction (14%) was observed when the cord was hemisected (seven preparations, p < 0.0 1).
Severe lesions disrupting normal activity. Following medial lesions up to the medial border of the LMC (n = 4) or dorsal lesions below the central canal (n = 3), the pattern of activity in SART and FEM motoneurons was altered. Figure 10 illustrates a medial lesion close to the LMC that resulted in abolition of the SART inhibitory period (arrows) after the first one to two cycles and reduced the duration and amplitude of FEM activity. This changed the phasing of activity between SART and FEM from alternation to coactivation. After the lesion, the amplitude and duration of both FEM and SART discharge declined progressively throughout the episode (Fig. 10B) . Some recovery of the alternating pattern occurred in the presence of 10 PM NMDA (arrowed cycles Fig. 1 OC) , although the change from alternation to coactivation still occurred toward the end of the episode as the amplitude and duration of successive bursts decreased. Despite these marked effects on the phasing of activity, there was no change in the number of cycles per evoked episode (six preparations, p > 0.1). A similar result accompanied dorsal lesions in which the gray matter was removed down to, or below, the Fig. 1 lA,B) or abolished (compare SART in Fig. 11 C, D) depending on the severity of the lesion. Remarkably, however, despite the removal of the majority of the gray matter, rhythmic motor activity was preserved, and its timing was largely unaffected (see Fig. 120 ).
Quantitative description of dorsoventral and mediolateral lesions
To examine the results of the various lesions quantitatively, we documented their effects on the duration of SART and FEM bursts, the duration of the SART inhibitory period, and the cycle period. These findings are summarized in Figure 12 .
Control preparations and moderate lesions. In control episodes the cycle period progressively lengthened after a long initial cycle, which was probably the result of rapidly recurring activity at the onset of the episode @'Donovan and Landmesser, 1987). The average cycle period was about 2 set in the second and third cycle, lengthening to approximately 3 set toward the end of the episode (Fig. 12A) . As the episode progressed, the burst duration of the SART increased from 1.3 set to 1.8 set, while the FEM decreased slightly (1.5 set at the second cycle to 1.3 set at the ninth cycle). In contrast, there was little change in the duration of SART inhibition, which remained constant at about 0.6 set ( Fig. 12A ; see also O'Donovan and Landmesser, 1987) . These profiles were not altered following moderate dorsal or medial lesions (including two ventrolateral quadrant isolations) except near the end of the episode when the duration of both FEM and SART bursts tended to decrease to about 1.1 and 1.4 set, respectively (Fig. 12B) . The cycle duration also decreased and became more variable toward the end of the episode in the moderate lesion group (Fig. 12B ). This suggests that neural elements removed by the moderate lesions may contribute to the stability of the cyclic properties of the network but are not themselves essential for the generation of the rhythm or the patterning of activity. Severe medial and dorsal lesions affect the duration of excitation and inhibition rather than cycle timing. As illustrated in Figure 12 , C and D, severe medial and dorsal lesions predominantly affect the duration of the SART and FEM activity and the SART inhibition. Following severe medial lesions, the SART inhibition was reduced to less than 0.1 set by the fifth cycle and the FEM burst duration was reduced by about 50%, from 1.5 set in control to 0.8 set after the lesion. After severe dorsal lesions, the SART inhibition was reduced to about 0.25 set and the FEM burst duration decreased to about 1 set (Fig. 120) . In contrast to the effects on the duration of excitation and inhibition, we found little change in the cycle period or its profile throughout the episode (see also Fig. 13 ). These findings indicate that severe medial and dorsal lesions predominantly affect the control of inhibitory and excitatory drive to SART and FEM motoneurons and exert less influence on the production of rhythmic activity. Thus, the pattern or phasing of activity, which is determined by the duration of SART inhibition and FEM excitation, is controlled independently of cycle timing. These findings, together with the observation that normal activity persists in the ventrolateral quadrant isolation, suggest that the neural elements controlling SART inhibition and FEM excita- , and the cycle duration (solid triangles) were measured as described in Materials and Methods (Fig. 1B) . Each symbol and error bar represents the mean and the SEM pooled from several preparations as indicated to the right of each graph. Drawings to the right of the graphs illustrate the extent of the various lesions. The dotted outline shows the region of cord that was removed, whereas the continuous outline indicates the portion that remained and was recorded from. The straight lines define the level of the section. The arrows in the drawing in B identify two experiments in which medial and dorsal lesions were combined to produce a ventrolateral quadrant isolation. E, Percentage changes in burst duration and cycle parameters after various lesions. Since some parameters showed a progressive change during the episode, percentage changes within each preparation were first determined from parameters belonging to the same cycle number of an episode. These percentage changes were then pooled, except for data from the initial cycle, and plotted together with the SEM in the histogram. The asterisks indicate the changes that were significant using the t test (p < 0.01). See text for details. Figure   12E . Since some parameters showed progressive changes during the episode, they were compared for the same cycle number, before and after the lesion, and then pooled for all cycles in the episode and across preparations. We observed statistically significant changes (p < 0.01) only for the FEM burst duration and the SART inhibition following severe dorsal or medial lesions. Although some changes in the SART burst duration did occur, these were smaller than for the other parameters and SART inhibition (msl   10th   123455789   Cycle were not statistically significant. Moreover, in contrast to the FEM burst duration and SART inhibitory period, which remained coupled and fell after the lesions (see also Fig. 13E ), the SART burst duration could either decrease or increase, suggesting that it is controlled independently.
Correlation between FEA4 excitation and SART inhibition To investigate the coupling between the FEM excitation and the SART inhibition more fully, we examined the correlation between the duration of the FEM discharge and the SART inhibition under various conditions. Figure 13A illustrates the correlation between the FEM burst duration and SART inhibitory period in normal cycles of unlesioned animals. The correlation coefficient pooled from 12 control preparations was 0.3 1 and was significantly different from 0. This comparatively low correlation coefficient probably resulted from the pooling of data from different embryos because correlations were higher in individual experiments. In 60% of individual experiments these variables were strongly correlated (r > 0.7), as illustrated in Figure 13 B. Fig. 10B ). D, Graphs of cycle parameters (defined as in Fig. 12A ) following removal of the caudal part of the cord (LS3-LS9) as illustrated to the right of E. E, Histogram summarizing the percentage change in the cycle parameters averaged for three caudal lesions. Only the SART inhibition and the FEM excitation exhibited statistically significant changes.
Another example of the coupled behavior of the SART inhibition and the FEM discharge is illustrated in Figure 13C , which shows the effect of repetitive cord stimulation on the phasing of activity in SART and FEM motoneurons. The tracings are wideband recordings in which neural discharge is superimposed on a slow depolarization (see also Figs. 2B, 3, 5, 6) . During repetitive stimulation there is a progressive and coupled depression of the SART inhibitory period and the FEM excitation. In the last cycle of the series (10th in Fig. 13C ), the SART inhibition has disappeared together with the FEM discharge, although a subthreshold depolarization does persist in the FEM nerve.
Such correlations could arise because the SART inhibition and the FEM excitation are driven by a common source, or alternatively because the SART inhibition is driven by the activity of FEM and other extensor motoneurons through recurrent inhibitory connections from extensors to flexors. In initial experiments we tested this idea by stimulating the FEM nerve antidromically (dorsal roots cut) and recording the effects on SART discharge during rhythmic activity, but we did not detect an increase the duration of the inhibitory period of the SART discharge. However, this negative finding may have occurred because of inadequate antidromic invasion of axon collaterals or alternatively, because only a single extensor (FEM) nerve was activated. Therefore, we examined the effects of deleting extensor motoneurons, including part of the FEM motoneuron pool, without affecting SART motoneurons. This was accomplished by removing LS3 (containing 40-50% of the FEM motoneurons; Landmesser, 1978) together with more caudal segments and then recording the remaining activity in a piece of cord comprising segments T7-LS2 (Fig. 13D,E) . This procedure severely reduced the duration of the FEM bursts to x0.5 set, from control values of 1.3-1.5 sec. Coupled with this decrease in the duration of FEM excitation was a reduction in the duration of SART inhibition (26%) although this was much smaller than the effects on the FEM excitation. Thus, while this result is compatible with a direct inhibitory effect of extensor activity on the SART inhibition, the effect was small, and the result is complicated by the removal of synaptic inputs from the deleted caudal segments.
Discussion
Rostrocaudal organization of rhythm-generating networks Our experiments have revealed that the capacity for rhythmic activity is distributed along the spinal cord and may be functional within a single segment. These results are consistent with studies in other vertebrates that show that rhythm-generating networks are distributed along the cord but may also be functional in one to two segments (Grillner, 1974; Cohen and Wallen, 1980; Deliagina et al., 1983; Cohen, 1987a,b; Mortin and Stein, 1989) . We have found, however, that the rhythmogenic capacity of the rostra1 40% of the lumbosacral cord is significantly greater than that of the caudal part. Isolated caudal segments produced substantially fewer cycles than rostra1 segments even when NMDA was used as an excitant. A similar rostrocaudal specialization of the hindlimb enlargement has been documented for scratching in the cat (Deliagina et al., 1983; Arshavsky et al., 1984; Gelfand et al., 1988) and in the turtle (Mortin and Stein, 1989) and for cat locomotion (Afelt et al., 1973; Grillner and Zangger, 1979) , suggesting that this pattern of organization may be a general feature of vertebrate spinal rhythm generators. Moreover, the similarity in the regionalization of rhythmic networks in the embryonic chick cord with that of mature vertebrates suggests that the networks subserving embryonic motor activity are the precursors of locomotor circuitry in the adult animal.
The mechanisms responsible for the difference in the motor output of isolated rostra1 and caudal segments are unknown. We were able to eliminate the possibility that caudal segments are less mature than the rostra1 segments, because the rostrocaudal difference in motor output became more, rather than less, pronounced with development (Fig. 70) . This result suggests that the rostrocaudal specialization develops from a relatively uniform network in which the individual segmental oscillators are more autonomous than later in development.
Another possibility to account for the differing capacity of the rostra1 and caudal cord is that the rostra1 cord is more excitable than the caudal cord. Such a rostrocaudal gradient of excitability could lead to phase lags in the activation of rostra1 and caudal segments and has been hypothesized to account for rostrocaudal phase lag observed in the lamprey spinal cord (see Grillner and Matsushima, 199 1) . However, we found no evidence for a rostrocaudal phase lag in the activation of motoneurons along the lumbosacral cord. In fact, motoneurons were almost synchronously activated with comparatively small differences in their onset of activity (40-50 msec, compared to a burst duration of l-2 set) that were not systematically related to the rostrocaudal position of the motoneurons (see Fig. 3C ).
Mechanisms of coordination of motor pools in d$erent segments Our experiments have shown that the near-synchronous onset of activity between different motor pools within the lumbosacral cord is mediated primarily by axons traveling in the ventral and lateral white matter tracts and by synaptic connections within the gray matter. Interruption of these tracts alters the shape and reduces the amplitude of the rhythmic ventral root potentials caudal to the lesion and significantly delays the onset of firing in the affected segments. The presence of these tracts is also sufficient to allow caudal segments to produce the same number of cycles as rostra1 segments. If the caudal segments are isolated, they can only produce two or three cycles compared to eight or nine in intact cords. A similar result has been obtained in studies of intersegmental coordination in the lamprey spinal cord. If the lateral white matter tracts and the cellular gray matter are cut, leaving medial white matter tracts intact, then coordination of ventral root activity across the lesion is lost (Cohen, 1987a) . At present, the neurons responsible for the intersegmental coordination of motor activity are unknown. In the lamprey spinal cord there is evidence for short-and long-axoned coordinating fibers that presumably arise from propriospinal interneurons (Rovainen, 1985; Cohen, 1987b) . Grillner and Matsushima (199 1) have proposed that excitatory interneurons, which project axons into the white matter, may also play a role in intersegmental coordination. However, direct identification of the coordinating neurons in the lamprey spinal cord has not yet been accomplished. In the chick cord the most plausible candidates are also propriospinal interneurons that send their axons into the VLT. In adult and developing pigeon such neurons project their axons into the lateral white matter tracts (Nomes et al., 1980; Necker, 1990) , and in the chick propriospinal projections can span up to 10 segments as early as stages 27-29 (Oppenheim et al., 1988) . Recently, we have identified a population of interneurons in the chick cord, whose axons project into the VLT. These neurons are located dorsal to the LMC, and some of them are rhythmically active (Ho and O'Donovan, 199 I) , raising the possibility that they may involved in the intersegmental coordination of motor activity.
Rhythmogenesis and alternation are produced by separate mechanisms In the lamprey and Xenopus spinal cords, mutual inhibition of two antagonistic centers has been proposed to play an essential role in generating the rhythm (Kahn and Roberts, 1982; Grillner et al., 1986) . In such models the alternation of contralateral motoneurons and rhythmogenesis are generated by a common mechanism. Several lines of evidence suggest that this mechanism is unlikely to operate in the chick cord, either for the alternation of antagonists or for rhythm generation. In the chick cord, alternation between antagonists is a result of phase shift imposed on the flexors by specific inhibitory inputs whereas extensors receive a predominantly excitatory synaptic drive during each cycle of activity @ 'Donovan, 1989a; Sernagor and O'Donovan, 199 1) . Thus, alternation is not accomplished by mutual inhibition of flexor and extensor motoneurons, but rather by the asymmetrical distribution of inhibitory inputs to flexors. Second, the duration of flexor inhibition and extensor excitation is largely independent of cycle period, suggesting that the two processes are generated independently ( Fig. 12A ; see also Landmesser and O'Donovan, 1984; O'Donovan and Landmesser, 1987) . In addition, previous developmental studies have shown that rhythmic activity emerges earlier in development than alternation (O'Donovan and Landmesser, 1987) . Finally, the data presented in this article show that certain lesions, particularly those medial to the LMC, result in abolition of the alternation without substantial effects on cycle timing. Collectively, these results suggest that rhythm generation in the chick cord is unlikely to be produced by mutual inhibition of antagonistic centers, and is generated by a mechanism that differs from that controlling the phasing of motoneuron activity. Under certain conditions a similar dissociation between rhythmogenesis and alternation can be observed in both the lamprey and Xenopus embryo. In both species, rhythmic activity can persist in the absence of reciprocal inhibition. In the lamprey, bathapplied strychnine can block the alternation of contralateral motoneurons but not the rhythm (Cohen and Harris-Warrick, 1984) . Similarly, if the Xenopus cord is split into two halves, contralateral alternation is abolished but rhythmic activity persists (Kahn and Roberts, 1982) that is resistant to GABAergic and glycinergic antagonists (Soffe, 199 1) .
A separation of the rhythm generation and pattern formation has also been proposed for mammalian respiration (Feldman at al., 1989) and for the paw shake response of the cat (Koshland and Smith, 1989) . In the isolated neonatal rat cord, rhythmic phrenic nerve activity persists in the presence of GABA, and glycine antagonists, suggesting that Cl--mediated inhibition of antagonist centers is not required for the genesis of the respiratory rhythm (Feldman et al., 1989) . These findings, together with the results of the present work, suggest that separate mechanisms for rhythm generation and pattern formation may be a general feature of vertebrate rhythm-generating networks.
Flexor inhibition and extensor excitation may be controlled by a common pathway Our results show that the duration of the SART inhibition and FEM excitation is correlated during spontaneous episodes of motor activity and under various experimental conditions. A similar correlation exists between flexor inhibition and extensor excitation during spontaneous activity of the chick embryo in ovo (Fig. 4 in Landmesser and O'Donovan, 1984) . This correlation could be accomplished by several mechanisms (Fig. 14A) . The simplest is that the premotor inhibitory interneurons projecting to SART motoneurons are driven by the same source as the FEM excitation. Alternatively, firing of FEM motoneurons could inhibit SART motoneuron activity through a recurrent collateral circuit (dashed line identified by arrow in Fig. 14A ). Recurrent inhibition is present in the chick cord at these stages of development, although its distribution to various motoneuron pools is unknown (Velumian, 1984; O'Donovan, 1989b) . We attempted to distinguish these possibilities by stimulating the FEM nerve antidromically during rhythmic activity or by ablating part of the FEM motoneuron pool (together with caudal the chick lumbar cord. The rhythm generators (R) are distributed along the rostrocaudal axis of the cord. These generators are coupled by intersegmental projections in the ventrolateral tracts (LT) and by synaptic interactions within the gray matter. With development the more caudal generators (R') become less effective and depend on interactions with the rostra1 cord. An inhibitory input to the rostra1 generators is indicated by the double arrows. Its inputs are not determined at present, but they are presumed to arise within the caudal part of the cord. The alternating pattern between SART (5') and FEM (F) motoneurons results from specific inhibition of the SART motoneurons during the initial part of each cycle. The correlation between SART inhibition and FEM burst suggests a common drive to the SART inhibitory (solid circle) and FEM excitatory (open circle) premotor intemeurons. The arrowed dashed line indicates an alternative pathway that could account for the correlation between FEM discharge and SART inhibition, but which is less likely (see text). B, Map of the regions involved in rhythmogenesis in the chick cord. Rhythmic activity persists in cords with severe dorsal (upper hatching) or medial (lower hatching) lesions, but alternation is depressed or abolished. If the stippled region, dorsomedial to the LMC, is left intact, then normal alternation occurs. This region may contain the cell bodies of the intemeurons controlling SART inhibition and FEM excitation. segments) to reduce the intensity of presumed recurrent inhibition. Antidromic stimulation was without effects on the SART inhibition, and FEM motor pool ablation resulted in a modest change in the duration of SART inhibition (-26%) that could easily have resulted from the deletion of premotor interneurons other than those contributing to recurrent inhibition. Thus, although we cannot rule out a role for recurrent inhibition (from Regionalization of rhythm-generating circuitry in the ventrolateral part of the spinal cord
The present experiments provide information concerning the location of some of the components of the rhythm and pattemgenerating circuitry (Fig. 14B) . We found that both the rhythm and the alternation of SART and FEM were preserved in the isolated ventrolateral quadrant of the cord. Thus, networks in this region are sufficient to produce the motor pattern. Demonstrating that such networks are necessary for the expression of alternating motor activity was technically not possible because smaller lesions within the ventrolateral quadrant (to ablate the intemeuronal networks) could not be made without compromising the integrity of the motor nuclei.
We also observed rhythmic activity in spinal cords with severe dorsal or medial lesions. In such preparations the only remaining gray matter outside the LMC was a thin lateral or ventral strip. Despite the removal of such large numbers of neurons, the timing of cyclical activity was virtually undisturbed (Fig. 12C,D) . These findings suggest two possibilities.
If premotor intemeurons are responsible for generating the rhythm, then only a small complement of these neurons is required. Furthermore, since the rhythm could be generated by ventral or lateral neurons, the rhythm-generating network does not appear to be localized. The alternative possibility is that the interneurons are located very close to or within the LMC, or that motoneurons themselves participate in the genesis of the rhythm. In other vertebrate preparations, motoneurons have not generally been considered part of the rhythm-generating circuitry (Grillner et al., 1986; Roberts et al., 1986) . However, motoneurons can express rhythmic pacemaker-like potentials (Grillner and Wallen, 1985; Durand, 1991) , which could contribute to the maintenance of the rhythm. In the chick cord it is unlikely that motoneurons are the sole source of the rhythm because they clearly receive rhythmic synaptic inputs during motor activity (O'Donovan, 1989a; Semagor and O'Donovan, 199 l) , which can be depressed by amino acid antagonists (Barry and O'Donovan, 1987) , or by reducing extracellular Ca*+ (S. Ho and M. J. O'Donovan, unpublished observations).
